Introduction
Epstein-Barr virus (EBV) is a g-herpesvirus that establishes lifelong asymptomatic infections in a majority of human adults. Epidemiological and molecular evidence links EBV to the pathogenesis of endemic Burkitt's lymphoma (BL), nasopharyngeal carcinoma (NPC), a subset of Hodgkin's disease (HD) and other malignancies of lymphoid and epithelial cell origin (Young and Rickinson, 2004) , but the mechanism(s) by which the virus contributes to tumorigenesis are still unclear. EBV infects resting B cells and turns them into continuously proliferating lymphoblastoid cell lines that express nine latency-associated viral proteins, including six nuclear antigens (Epstein-Barr nuclear antigen (EBNA)-1, -2, -3A, -3B, -3C and -LP) and three membrane proteins (latent membrane protein (LMP)-1, -2A and -2B). Only some of these proteins are expressed in EBV-carrying malignancies. In most cases of endemic BL, only EBNA-1 is detected together with two untranslated RNAs (EBERs) and several microRNAs (Rowe et al., 1986; Schaefer et al., 1995; Pfeffer et al., 2004) , whereas broader forms of latencies, including EBNA-3A-C and EBNA-LP (Kelly et al., 2002) , or only EBNA-2 and EBNA-3A (Kelly et al., 2006) , occur in rare tumors. LMP-1 has not been detected in BLs biopsies but is expressed in a subset of NPC-and EBV-carrying HD (Young et al., 1988) . The regular expression of EBNA-1 is explained by its essential role in the replication and partitioning of the viral episomes (Yates et al., 1985) , but increasing evidence suggests that it may also have a role in oncogenesis. Thus, expression of EBNA-1 was shown to protect BL cells from apoptosis (Sivachandran et al., 2008) and recent findings indicate that it may also enhance tumor progression by causing DNA damage and genomic instability through induction of reactive oxygen species (ROS) (Gruhne et al., 2009) . The contribution of other latent EBV proteins is less obvious and may be restricted to a subset of the tumors or to particular stages of the oncogenic process. However, evidence is accumulating for a possible role of EBNA-2 (Pan et al., 2009) , EBNA-3C (Choudhuri et al., 2007) and LMP-1 (Liu et al., 2004) in the induction of various aspects of the tumor phenotype, and LMP-1 was shown to act as an oncogene in transgenic mice (Kulwichit et al., 1998) .
Genomic instability is a hallmark of malignant transformation and is frequently associated with chromosomal aberrations, including reciprocal translocations, deletions, inversions and duplications, that deregulate the expression of oncogenes or tumor suppressor genes (Raptis and Bapat, 2006) . These aberrations are clonally transmitted and constitute useful cytogenetic markers of malignancy. In addition, nonclonal chromosome aberrations, such as dicentric chromosomes, chromosome fragments, gaps, double minutes and rings, are generated by inappropriate repair of DNA breaks. These aberrations are usually lethal to dividing cells and are therefore generated de novo during each cell cycle. Several studies have reported the presence of clonal chromosome translocations in EBVassociated malignancies (Stollmann et al., 1985; Klein, 1986) . Furthermore, using a panel of EBV-positive and EBV-negative BL lines, we have shown that EBV carriage is associated with a significant increase in nonclonal chromosomal aberrations, mainly dicentric chromosome, chromosome fragments and gaps. This was accompanied by ongoing DNA damage and activation of the DNA damage response (DDR), as indicated by phosphorylation of histone H2AX (Kamranvar et al., 2007) . Interestingly, these markers of genomic instability were present in cell lines expressing EBNA-1 alone but were significantly augmented in cells expressing broader forms of latency, suggesting that more than one viral protein may contribute to this phenotype.
In this study we have addressed the contribution of different EBV latency proteins to the induction of genomic instability by comparing the frequency of chromosomal aberration, presence of DNA damage and the levels of phosphorylated histone H2AX (pH2AX) in a panel of transfected sublines of the EBV-negative B-lymphoma line BJAB. We report that EBNA-1, EBNA-3C and LMP-1 independently induce genomic instability. Only EBNA-1 promoted DNA damage through induction of ROS whereas LMP-1 expression was associated with downregulation of the DNA damage-sensing kinase, such as ataxia telangiectasia mutated (ATM), and impaired DNA repair. EBNA-3C expression correlated with transcriptional downregulation of BubR1 and functional inactivation of the mitotic spindle checkpoint, which may allow the propagation of DNA damage.
Results
Increased chromosomal aberrations in EBNA-1-, EBNA-3C-and LMP-1-expressing cells To assess the capacity of EBV to promote genomic instability, the occurrence of nonclonal chromosomal aberrations was compared between the EBV-negative B-lymphoma line BJAB, its in vitro EBV-converted sublines, BJAB-B95.8 and BJAB-P3HR1, and a panel of transfected sublines expressing individual EBV latency genes. Expression of the viral proteins was confirmed by western blotting using previously characterized antibodies or polyclonal human sera (Figure 1a ). This analysis confirmed the previously reported low prevalence of dicentric chromosomes, chromosome fragments, gaps, double-minutes, satellite associations and rings in the EBV-negative parental and a significant increase in the EBV-converted sublines, BJAB-B95.8 and BJAB-P3HR1 (17, Figure 1b and Table 1 ). A comparable low frequency of abnormal metaphases was detected in BJAB transfected with a control plasmid, or expressing EBNA-2, EBNA-3A, EBNA-3B, EBNA-LP or LMP-2A (5.5 versus 7.5, 7.5, 4.5, 6.5 and 5.5% respectively), whereas an approximately threefold increase was observed in cells expressing EBNA-1 (15.5%), EBNA-3C (13.5%) and LMP-1 (14.5%) (Figure 1b) . The recently reported induction of chromosome aberrations in EBNA-2-expressing cells (Pan et al., 2009) was not reproduced in stable transfectants of BJAB, BL41 and DG75 ( Figure 1b , Table 1, Supplementary Table S1 ) and was also not observed upon conditional expression of EBNA-2 in DG75 (Supplementary Table S1 , Supplementary Figure S1 ).
The effect of LMP-1 and EBNA-1 was readily reproduced in cell lines that conditionally express the viral genes. Thus, although the control BJAB-tTA cell line showed a prevalence of chromosome aberrations comparable with the untransfected parental, upregulation of EBNA-1 or LMP-1 by withdrawal of tetracycline resulted in a significant increase in chromosome aberrations in BJAB-tTAE1 and BJABtTALMP-1 that reverted to background levels upon addition of the drug ( Figure 1c , Table 2 ). A similar analysis could not be performed for EBNA-3C because of the unavailability of a conditional transfectant. Analysis of the type of chromosome aberrations induced in the EBV-converted sublines and transfectants expressing EBNA-1, EBNA-3C or LMP-1 revealed that although dicentric chromosomes, chromosome fragments and gaps were present in all cell lines, dicentric chromosomes were less frequent in EBNA-3C-expressing cells, where chromosome fragments were instead prevalent (Table 1) . Consistent with the possibility that different mechanisms may promote these aberrations in the transfectants, counting of metaphase chromosomes revealed a broad heterogeneity of chromosome numbers in EBNA-3C-expressing cells with a significant proportion of the cells containing fewer than 42 chromosomes, whereas a narrow distribution of chromosome numbers was observed in BJAB and in sublines expressing EBNA-1 or LMP-1 (Figure 1d ).
Dicentric chromosomes, chromosome fragments and gaps are generated by DNA breakage followed by inappropriate repair. We analysed therefore whether the expression of EBNA-1, EBNA-3C and LMP-1 is associated with pH2AX, a well-characterized marker of DNA strand breaks and activation of DNA repair (Rogakou et al., 1998) . A clear increase in pH2AX was detected in EBNA-1-, EBNA-3C-and LMP-1-positive cells, whereas expression of EBNA-2, EBNA-3A and EBNA-3B had no effect ( Figure 2a and not shown). To further analyse the extent of DNA damage, comet assays were performed under alkaline condition. In accordance with the results of pH2AX staining, a significant increase in comet size was observed only in cells expressing EBNA-1, EBNA-3C and LMP-1 (Figures 2b and c) .
Only EBNA-1 can promote DNA damage by induction of ROS We have earlier reported that EBNA-1 promotes DNA damage by inducing the production of ROS through upregulation of Nox2 (Gruhne et al., 2009) . We asked therefore whether ROS might be involved in the induction of DNA damage also in EBNA-3C-and LMP-1-expressing cells. To this end, the endogenous levels of ROS were measured by labeling with dichlorofluorescein diacetate that turns fluorescent upon oxidation in the cytoplasm (Figure 3a, upper panel) . A threefold increase in ROS was observed in EBNA-1-positive cells whereas the levels of ROS remained virtually unchanged in EBNA-3C-positive cells (1.3-fold increase) and a moderate increase was observed in LMP-1-positive cells (Figure 3a , lower panel). An antibody specific to 8-oxoguanine, the most commonly oxidized base, was then used to analyse whether oxidation was the cause of DNA damage. In line with the significant increase in ROS, 8-oxoguanine was significantly increased only in EBNA-1-positive cells (Figure 3b ). To further explore the relationship between the accumulation of ROS and induction of DNA damage, the expression of pH2AX was analysed in cells treated with antioxidants. As reported earlier (Gruhne et al., 2009) , treatment of EBNA-1-expressing cells with citric acid resulted in a decrease of pH2AX to the levels observed in the parental cell line (Figure 3c ). In contrast, antioxidants had no effect in the EBNA-3C and LMP-1 transfectants, suggesting that oxidation is not the primary cause of DNA damage in these cells.
LMP-1 inhibits the DNA damage response by inducing downregulation of ataxia telangiectasia mutated (ATM) In addition to induction of DNA damage, defects in DNA repair are critically involved in the generation of genomic instability. We asked therefore whether DNA 
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repair is affected in cells expressing EBNA-1, EBNA-3C or LMP-1. To this end, the cells were treated with a nonlethal dose of g-irradiation (6 Gy) and DNA repair was assessed by monitoring the decrease of comet size over time. Virtually all induced damage was repaired in BJAB within 24 h (10-12% residual comet size) and a similar efficiency of repair was achieved in BJAB-E1 and BJAB-E3C ( Figure 4a ). In contrast, a 40% residual comet size was observed in BJAB-LMP1 suggesting a significantly reduced DNA repair capacity. A luciferase reporter assay was then used to assess the efficiency of repair. Vector, EBNA-1-, EBNA-3C-and LMP-1-expressing cells were cotransfected with either untreated, g-irradiated or ultraviolet-irradiated firefly luciferase expressing plasmids and with a Renilla luciferase expressing plasmid as transfection efficiency control. DNA repair capacity was then assessed based on reconstitution of normalized firefly luciferase activity. Although virtually all the induced damage was repaired in BJAB and BJAB-E1 within 24 h, and approximately 5% damage remained in BJAB-E3C, LMP-1-expressing cells showed more than 20% residual DNA damage ( Figure 4b , upper panel). The impairment of DNA repair was confirmed in transfectants expressing a tetracycline-regulated LMP-1 (Figure 4b , lower panel). Efficient repair was observed in BJAB-tTA and DG75-tTA that express the tetracycline-responsive element alone or BJAB-tTALMP-1 and DG75-tTALMP-1 cultured in the presence of tetracycline (not shown), whereas withdrawal of tetracycline was accompanied by an LMP-1 dose-dependent inhibition of DNA repair. Activation of the DDR, including phosphorylation of the ATM, ATM-and Rad3-related and DNA-dependent protein kinases and their downstream targets, are prerequisites for successful DNA repair (Chaturvedi et al., 1999) . The ATM kinase is preferentially phosphorylated in response to DNA double-strand breaks leading to Chk2 activation-dependent G 2 arrest (Iliakis et al., 2003) . We tested therefore whether this branch of the DDR is affected by LMP-1 expression. Both ATM and Chk2 were efficiently phosphorylated in response to g-irradiation in BJAB, BJAB-E1 and BJAB-E3C, whereas ATM was strongly downregulated and not phosphorylated in BJAB-LMP-1 (Figure 4c ), which correlated with failure to phosphorylate Chk2. This effect was confirmed in BJAB-tTALMP-1 transfectant in which withdrawal of tetracycline was accompanied by a time-and dose-dependent downregulation of ATM (Figure 4d ). To test whether the G 2 checkpoint is also impaired, the cells were labeled with carboxyfluorescein diacetate succinimidyl ester and then treated with g-irradiation. Cytosolic esterases convert carboxyfluorescein diacetate succinimidyl ester into a stable membrane-impermeable fluorescent ester that is equally distributed to daughter cells at mitosis, allowing the assessment of cell division based on decreased fluorescence intensity. As expected, the G 2 checkpoint was activated by g-irradiation in BJAB, as evident by arrest in the G 2 /M phase of the cell cycle ( Figure 4e , Colcemide-induced metaphase plates were spread onto glass slides after several methanol-acetic acid fixation steps. Structural chromosome aberrations such as dicentric chromosomes (dic), chromosome fragments (frag), chromatid gaps (gap), double minutes (DM), satellite association (SA) and chromosome rings (R). b Pictures from at least 50 metaphase plates were analysed in two independent experiments. Collectively, these data suggest that LMP-1 can promote genomic instability by inhibiting the DDR through downregulation of ATM and consequent inhibition of the G 2 checkpoint.
EBNA-3C overruns the mitotic spindle checkpoint and induces transcriptional downregulation of BubR1
The absence of ROS-induced DNA damage and efficient repair of induced damage suggest that a third mechanism may promote the accumulation of chromosome aberrations in EBNA-3C-expressing cells. A possible hint was offered by the enhanced aneuploidy of the EBNA-3C transfectants. Aneuploidy is generated by asymmetric chromosome segregation owing to misalignment of the mitotic spindle. In normal cells, aneuploidy is prevented by activation of the mitotic spindle checkpoint that stalls the progression of mitosis until all chromosomes are properly anchored to the spindle. In order to test whether expression of EBNA-3C may be associated with defects of this checkpoint, control, EBNA-1-, EBNA-3C-and LMP-1-expressing cells were treated with the spindle poison nocodazole for 24 h and activation of the checkpoint was assessed by block of the cells in metaphase. Arrest in G 2 /M was readily detected by propidium iodide staining in BJAB, BJAB-E1 and BJAB-LMP-1, whereas equal proportions of cells in G 1 and G 2 /M were found in the EBNA-3C transfectant (Figure 5a , propidium iodide staining, left panel, pink line). Carboxyfluorescein diacetate succinimidyl ester labeling was then used to assess whether the G 1 cells had passed through mitosis (Figure 5a , right panel). Treatment with nocodazole blocked cell division in BJAB, BJAB-E1 and to some extent also in BJAB-LMP-1 (Figure 5a , left panel, pink line), whereas a significant proportion of the EBNA-3C-expressing cells completed one round of cell division (Figure 5a , left panel, green line). To explore this phenomenon further, we analysed the expression of known components of the mitotic checkpoint, including cdc2, Mad2, BubR1, Ubc10 and Gadd45. A strong decrease in the expression of BubR1 was detected by western blots in cells expressing EBNA-3C but not EBNA-1 or LMP-1 (Figure 5b ). Quantification of BubR1 transcripts by quantitativePCR revealed a concomitant threefold decrease in the amount of BubR1 mRNA (Figure 5c ), indicating that EBNA-3C Figure S2) . Collectively, these data indicate that EBNA-3C may promote the propagation of chromosomal aberrations through inactivation of the mitotic spindle checkpoint.
Discussion
Genomic instability supports tumor progression by promoting the fixation of genetic changes that favor the proliferation and survival of malignant cells (Raptis and Bapat, 2006) . In this study we have documented the existence of at least three independent mechanisms by which EBV-encoded proteins may promote genomic instability and contribute thereby to the pathogenesis of a variety of human malignancies.
We have earlier shown that EBV carriage is associated with a significant increase in nonclonal chromosomal aberrations that are caused by inadequate DNA repair (Kamranvar et al., 2007) . Dicentric chromosomes, chromosome fragments and gaps were shown to occur with different frequencies in cells expressing various combinations of EBV latency genes, suggesting that more than one viral protein may promote this phenotype. This assumption was substantiated in this study by the comparison of BJAB sublines expressing individual EBV latency genes. We have shown that EBNA-1, EBNA-3C and LMP-1 are independently capable of inducing genomic instability, as assessed by increased chromosomal aberrations (Figure 1) , presence of DNA damage and activation of the DDR (Figure 2 ). It should be noted that these effects are truly dependant on the expression of viral proteins, rather than artifacts of transfection, as they could be reversibly induced by conditional transfectants. This is relevant in view of the remarkable discrepancy between our findings and the report by Pan et al. (2009) that, based on the analysis of stable transfectants, attributed to EBNA-2 the capacity to induce genomic instability. 
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Our findings indicate that EBNA-1, EBNA-3C and LMP-1 promote genomic instability through three independent mechanisms. We have earlier shown that the capacity of EBNA-1 to induce chromosomal aberrations and double-strand DNA breaks can be ascribed to an increased production of ROS mediated by transcriptional activation of Nox2 (Gruhne et al., 2009) . This mechanism seemed to be exclusive for EBNA-1 and was not activated by EBNA-3C or LMP-1 (Figure 3) . LMP-1 expression was associated with modest increases in ROS and 8-oxoguanine (Figures 3a and b) but oxidative damage is unlikely to be the primary cause for activation of the DDR in these cells because the accumulation of pH2AX was not affected by treatment with antioxidants ( Figure 3c ). The source of ROS is also likely to be different because we have shown earlier that Nox2 is not activated by LMP1 (Gruhne et al., 2009) . A small increase in ROS may be explained by the capacity of LMP-1 to act as a ligandindependent receptor of the tumor necrosis factor (Mosialos et al., 1995) . Signal transduction triggered by tumor necrosis factor-a is associated with the elevation of intracellular ROS that mediates the activation of nuclear factor-kB signaling (Shea et al., 1996) . This was shown to be dependent on the recruitment of tumor necrosis factor receptor-associated factors to the cell membrane (Chandel et al., 2001 ) but the processes involved in the generation of ROS and the mechanisms regulating the cellular redox status remain unknown.
Genomic instability in EBV-infected cells
Our data suggest that LMP-1 may promote genomic instability by inhibiting DNA repair. The repair of DNA damage induced by ionizing radiations was significantly reduced in LMP-1-expressing cells (Figures  4a and b) , which correlated with downregulation of the DNA damage-response kinase ATM, failure to phosphorylate Chk2 and inactivation of the DNA damage checkpoint (Figures 4c-e) . It is noteworthy that H2AX was still efficiently phosphorylated, suggesting that other DNA damage-sensing kinases remain active. Yet, the impairment of ATM activity is likely to be critical. Loss of ATM in the inherited ataxia-telangiectasia syndrome, leads to an increased risk of cancer and hypersensitivity to ionizing radiation (Taylor et al., 1996) . Reduced or absent ATM expression, resulting either from deletion of the ATM locus at chromosome 11q23 (Eclache et al., 2004) or methylation of the ATM promoter (Bolt et al., 2005) , has been reported in a variety of tumors. Our finding that LMP-1 inhibits ATM expression is in line with the reported loss of Genomic instability in EBV-infected cells B Gruhne et al ATM in EBV-carrying tumors that express latency II such as NPC and HD (Bose et al., 2009) . Interestingly, downregulation of ATM was shown to occur in HD independently of EBV carriage (Bose et al., 2007) , suggesting that it may constitute a critical event in pathogenesis. The possibility that different modes of regulation may prevail depending on LMP-1 expression was not explored. A clue to the possible mechanisms by which LMP-1 may affect ATM expression is provided by the recent finding that FOXO3 is required for the LMP-1-mediated induction of micronuclei formation and repression of DNA repair in epithelial cells (Chen et al., 2008) . The FOXO family of transcription factors has been implicated in the induction of cell cycle arrest and regulation of DNA repair and apoptosis (Nakamura et al., 2000; Tran et al., 2002) . LMP-1 promotes the phosphorylation of FOXO3 and induces its accumulation in the cytoplasm, which hampers the regulation of target genes and ultimately diminishes DNA repair (Chen et al., 2008) . It remains to be seen whether this mechanism operates in malignant B cells also and, most important, whether it is also active during primary infection of B-lymphocytes. Although LMP-1 is expressed in several EBV latency programs, a truncated form of the protein, which lacks part of the transmembrane domain but still contains the main signaling domains identified in this protein, is strongly upregulated during the productive virus cycle (Hudson et al., 1985; Erickson and Martin, 2000) . It is tempting to speculate that the capacity of LMP-1 to inhibit DNA repair may be instrumental in this phase of the cell cycle to protect the nascent linear viral genomes that could be perceived by the cells as double-stand DNA breaks. EBNA-3C seems to be endowed with the capacity to promote the accumulation of chromosomal aberrations through yet another mechanism. We have found that EBNA-3C does not directly cause DNA damage (Figure 3 ) or inhibit DNA repair (Figure 4 ), but high levels of expression correlate instead with a remarkably increased aneuploidy (Figure 1c) . Aneuploidy is often caused by disruption of the mitotic spindle checkpoint that prevents the completion of cell division when the chromosomes fail to achieve a symmetric association with the two poles of the mitotic spindle (McIntosh, 1991) . Tension defects or unattached chromosomes activate the checkpoint ultimately leading to a delay of anaphase onset until the aberrations are corrected. The checkpoint-mediating proteins, Bub1, Cenp-F, BubR1, Bub3 and Mad2, are recruited to the kinetochore and stabilize the microtubule-kinetochore complex. It was shown earlier that EBV compromises the spindle assembly checkpoint and rescues BL cells from caspase-dependent cell death initiated by aberrant mitosis (Leao et al., 2007) but the mechanism was not explored. We have found that disruption of the mitotic checkpoint in EBNA-3C-expressing cells (Figure 5a ) is associated with a dramatic decrease in BubR1 protein levels ( Figure 5b ) and its transcriptional downregulation (Figure 5c ). BubR1 binds to cdc2 and prevents the activation of anaphase-promoting complex/cyclosome and anaphase progression (Kulukian et al., 2009 ).
Suppression of BubR1 leads to deactivation of the spindle checkpoint and reduced nocodazole-induced cytotoxicity by compromising mitotic arrest (Greene et al., 2008) . A mouse model of BubR1 haploinsufficiency showed enhanced genomic instability and tumorigenesis (Rao et al., 2005) . It is noteworthy that although aneuploidy is observed in lymphoblastoid cell lines, this is usually not as dramatic as in the BJAB-E3C transfectant. This could be due to the high EBNA-3C expression levels or concomitant defects of the proapoptotic pathways in the transfectant. The effect on BubR1 seems however consistent as we have found that BubR1 is expressed at significantly lower levels in lymphoblastoid cell lines and BL cells expressing latency III, in which EBNA-3C is regularly detected, compared with EBV-negative BLs and cell lines expressing latency I (Supplementary information). It is important to stress that inactivation of the spindle checkpoint may not be the only way by which EBNA-3C favors the progression of abnormal mitosis. Choudhuri et al. have reported that EBNA-3C may also interfere with the G 2 checkpoint by interacting with Chk2 and preventing its downregulation after nocodazole treatment (Choudhuri et al., 2007) . In addition, EBNA-3C was shown to bind and modulate the function of cyclin A (Knight and Robertson, 2004) and RBP-Jk (Marshall and Sample, 1995) , and to interact with cullin-Ring ubiquitin ligases to induce degradation of the retinoblastoma protein (Knight et al., 2005) . Recent findings suggest that it may also possess ubiquitin deconjugase activity (Saha et al., 2009) . Clearly, more work is required to dissect the relative contribution of these diverse functions of EBNA-3C to the immortalization of normal B cells and the induction of genomic instability in malignant cells.
In conclusion, the data presented in this paper substantiate the assumption that a subset of latent EBV gene products may have an important role in viral oncogenesis either by directly inducing DNA damage, or by promoting the growth of cells with damaged DNA through impairment of cell cycle checkpoints and enhanced cell survival. This could lead to a greater genetic diversity in progeny cells and contribute to tumor initiation and progression. It should be stressed that the tumor-promoting activities of EBNA-1, EBNA-3C and LMP-1, as highlighted by our work, are likely to serve primary roles in the context of virus infection by allowing the establishment of latency or promoting virus replication. For example, the production of ROS was shown to be essential for growth transformation of resting B lymphocytes (Ranjan et al., 1998) , which is required for the establishment of a latent viral reservoir. Similarly, deregulation of the cell cycle and inhibition of DNA repair are probably required for efficient virus replication and assembly of infectious virus particles. This reinforces the notion of EBV oncogenesis as a biological accident in which additional events, such as immunosuppression or activation of cellular oncogenes, are required to unleash the potentially dangerous consequences of the otherwise perfectly tuned balance between EBV and its human host.
Materials and methods

Cell lines and treatments
Stably transfected sublines of BJAB (Menezes et al., 1975) expressing EBNA-1 (Kang et al., 2001) , EBNA-2 (Å man et al., 1990), EBNA-3A, -3B, -3C and -LP , LMP-1 (Cuomo et al., 1990) and LMP-2A (Winberg et al., 2000) were kept in complete medium (RPMI1640, 100 U/ml penicillin, 0.1 mg/ml streptomycin, 10% fetal calf serum, 2 mM glutamine) and selected as described. Conditional transfectants expressing LMP-1 (BJAB-tTALMP-1, DG75-tTALMP-1, Floettmann et al., 1996) or EBNA-1 (BJAB-tTAE1, Gruhne et al., 2009) were selected in 500 mg/ml hygromycin (Calbiochem, Darmstadt, Germany) and 200 mg/ml geneticin (Gibco Laboratories, North Andover, MA, USA) or 1 mg/ml puromycin (Sigma-Aldrich, St Louis, MO, USA). Viral gene expression was repressed by culture in 2 mg/ml tetracycline (Sigma-Aldrich). ROS were quenched by treatment with 1 mM citric acid (CA, SigmaAldrich) and DNA damage was induced through irradiation with 6 Gy. The mitotic checkpoint was induced through treatment with 0.5 mg/ml nocodazole for 18 h (Choudhuri et al., 2007) .
Scoring of chromosomal abnormalities
Metaphase plates were prepared as described (Kamranvar et al., 2007) and digital images were captured using a LEITZ-BMRB fluorescence microscope (Leica, Wetzlar, Germany) equipped with a charge-coupled device camera. Fifty images for each cell line were examined for the presence of dicentric chromosomes, chromosome fragments, rings, chromosome gaps and double minutes.
Comet assay
Comet assays were performed as described (Gruhne et al., 2009) . Images were taken using a Nikon Eclipse TE300 microscope (Nikon Corporation, Tokyo, Japan) and comet size was analysed using the Comet Score software (Tritech Software Systems, San Diego, CA, USA). For assessment of DNA repair the cells were irradiated with 6 Gy and allowed to recover for the indicated times. Repair capacity was expressed as the percentage of residual DNA damage ¼ 100À(comet size testÀcomet size untreated control/comet size irradiated time 0Àcomet size untreated control) Â 100.
Detection of reactive oxygen species and oxidized bases ROS levels were measured by labeling for 45 min with 2 mM dichlorofluorescein diacetate (Invitrogen, Carlsbad, CA, USA) and oxidized bases were detected by the Biotrin OxyDNA test (Argutus Medical Ltd, Dublin, Ireland). Fluorescence was analysed using a fluorescence-activated cell sorting calibur cytometer (Becton-Dickinson, Franklin Lakes, NJ, USA).
DNA repair assay
The cells were co-transfected with untreated or irradiated (1 Gy or 1000 J/m 2 ultraviolet) plasmids encoding firefly luciferase and a Renilla luciferase (pGL3 promoter and pCMV Renilla, Promega, Madison, WI, USA) using the Amaxa electroporator (Amaxa Biosystems, Cologne, Germany). Firefly and Renilla luciferase activities were detected after 24 h using the dual luciferase reporter assay kit. The results are expressed as % residual DNA damage ¼ 100À(normalized signal sample transfected with irradiated plasmid/normalized signal samples transfected with control plasmid) Â 100 .
Cell cycle and cell division Cell division was assessed by vital labeling using carboxyfluorescein diacetate succinimidyl ester (Molecular Probes, Invitrogen) (Parish et al., 2009) and DNA content was examined using propidium iodide staining.
Quantitative PCR RNA isolation and reverse transcription were performed as described (Gruhne et al., 2009 ) and quantitative PCR reactions were carried out using 7000 Sequence Detection Systems thermocycler (Applied Biosystems, Foster City, CA, USA) using the primers: BubR1 forward: GGATGCCATTATCAC AGGCT, reverse: TGCTGGTCCTCAGAGGTCT T, GAPDH forward: AAGGTCGGAGTCAACGGATT, reverse: CTCCT GGAA GATGGTGATGG, actin forward: CCTGGCACCC AGCACAAT, reverse: GGGCC GGACTCGTCATACT (Sigma-Aldrich). The samples were heated at 50 1C for 2 min and then at 95 1C for 10 min followed by 40 cycles at 95 1C for 15 s and 60 1C for 1 min. Fold change was calculated using the DDct method (Huggett et al., 2005) .
